Ichinose M, Sala-Mercado JA, O'Leary DS, Hammond RL, Coutsos M, Ichinose T, Pallante M, Iellamo F. Spontaneous baroreflex control of cardiac output during dynamic exercise, muscle metaboreflex activation, and heart failure. Am J Physiol Heart Circ Physiol 294: H1310-H1316, 2008. First published January 11, 2008 doi:10.1152/ajpheart.01187.2007We have previously shown that spontaneous baroreflex-induced changes in heart rate (HR) do not always translate into changes in cardiac output (CO) at rest. We have also shown that heart failure (HF) decreases this linkage between changes in HR and CO. Whether dynamic exercise and muscle metaboreflex activation (via imposed reductions in hindlimb blood flow) further alter this translation in normal and HF conditions is unknown. We examined these questions using conscious, chronically instrumented dogs before and after pacing-induced HF during mild and moderate dynamic exercise with and without muscle metaboreflex activation. We measured left ventricular systolic pressure (LVSP), CO, and HR and analyzed the spontaneous HR-LVSP and CO-LVSP relationships. In normal animals, mild exercise significantly decreased HR-LVSP (Ϫ3.08 Ϯ 0.5 vs. Ϫ5.14 Ϯ 0.6 beats ⅐ min Ϫ1 ⅐ mmHg Ϫ1 ; P Ͻ 0.05) and CO-LVSP (Ϫ134.74 Ϯ 24.5 vs. Ϫ208.6 Ϯ 22.2 ml ⅐ min Ϫ1 ⅐ mmHg Ϫ1 ; P Ͻ 0.05). Moderate exercise further decreased both and, in addition, significantly reduced HR-CO translation (25.9 Ϯ 2.8% vs. 52.3 Ϯ 4.2%; P Ͻ 0.05). Muscle metaboreflex activation at both workloads decreased HR-LVSP, whereas it had no significant effect on CO-LVSP and the HR-CO translation. HF significantly decreased HR-LVSP, CO-LVSP, and the HR-CO translation in all situations. We conclude that spontaneous baroreflex HR responses do not always cause changes in CO during exercise. Moreover, muscle metaboreflex activation during mild and moderate dynamic exercise reduces this coupling. In addition, in HF the HR-CO translation also significantly decreases during both workloads and decreases even further with muscle metaboreflex activation.
THE ARTERIAL BAROREFLEX is considered the main mechanism of arterial blood pressure regulation in the short-term control of the cardiovascular system (30) . Changes in arterial pressure result in baroreflex-mediated reciprocal changes in heart rate (HR) and sympathetic activity. During exercise, the baroreflex is reset to operate around the higher-prevailing blood pressure and HR (7, 13, 26, 28) . In addition to resetting during exercise, arterial baroreflex sensitivity in the control of HR during rapid spontaneous changes in blood pressure decreases during exercise as workload rises (3, 14, 23, 31) . The reduction of baroreflex HR sensitivity during exercise is thought to be associated with vagal withdrawal, inasmuch as these rapid baroreflex changes in HR are mediated by changes in parasympathetic tone (23) . Recently, it has been demonstrated (31) in dogs that imposed muscle metaboreflex activation during dynamic exercise also reduces spontaneous baroreflex HR sensitivity, which is even further suppressed in these settings in subjects with congestive heart failure (HF) (16) .
Although the spontaneous baroreflex HR technique has often been used to study baroreflex control of HR (2, 3, 14, 23, 29) , Sala-Mercado et al. (33a) in the accompanying article have shown that these baroreflex-mediated changes in HR do not always cause changes in cardiac output (CO) due to changes in stroke volume (SV). This study showed that in the normal dog at rest, ϳ44% of the changes in HR caused changes in CO (HR-CO translation or coupling). In addition, HF significantly decreased this coupling such that changes in CO were more related to changes in SV than to changes in HR. Whether dynamic exercise with and without muscle metaboreflex activation alters the ability of spontaneous baroreflex-mediated changes in HR to cause changes in CO is unknown, as is whether these relationships are affected by HF. Since exercise changes cardiac autonomic balance, markedly increasing baseline HR and decreasing spontaneous baroreflex HR sensitivity (15) , we hypothesized that the ability of the baroreflex HR responses to elicit compensatory changes in CO would also be decreased. Although spontaneous baroreflex HR sensitivity decreases further with metaboreflex activation (31) , substantial increases in ventricular contractility also occur (6, 21, 33) , which could attenuate any further loss of coupling between the HR and CO responses. However, in subjects with HF, muscle metaboreflex-induced increases in ventricular contractility are severely impaired (5, 32) . Therefore, we also hypothesized that muscle metaboreflex activation would not decrease the coupling between changes in HR and CO in normal subjects, but with the impaired ventricular performance in HF, we hypothesized that metaboreflex activation in this setting would induce further decreases in the ability of changes in HR to elicit changes in CO.
MATERIALS AND METHODS
Experiments were performed on eight adult, mongrel dogs (weight, ϳ20 -25 kg) of either sex, selected for their willingness to run on a motor-driven treadmill. The protocols employed in the present study conform with the National Institutes of Health guidelines and were reviewed and approved by the Wayne State University Animal Investigation Committee.
Surgical preparation and procedures. All animals were accustomed to human handling and trained to run freely on a motor-driven treadmill before they were surgically instrumented in two different procedures (sternotomy and left flank abdominal surgery). The first surgical session with its pre-and postpharmachological treatments have been previously described in detail by Sala-Mercado et al. (33a) . Briefly, under sterile conditions, a midline sternotomy was performed. A telemetered blood pressure transducer (model PAD-70, Data Sciences International) was placed subcutaneously on the left side of the chest. Its catheter was tunneled into the thoracic cavity and located inside the left ventricle for measuring left ventricular pressure (LVP). A 20-or 24-mm blood flow transducer (Transonic Systems) was placed around the ascending aorta to measure CO, and three stainless steel ventricular pacing electrodes (O-Flexon, Ethicon) were sutured to the right ventricular free wall. For studies unrelated to the present investigation, vascular occluders were placed on the superior and inferior venous cava and two pairs of sonomicrometry crystals were placed on the left ventricular endocardium. The pericardium was reapproximated loosely, and the chest was closed in layers. After at least 10 days (recovery period), a second surgical intervention was performed through a left abdominal retroperitoneal approach (33a). A 10-mm blood flow probe (Transonic Systems) was placed on the terminal aorta to measure blood flow to the hindlimbs (HLBF). A hydraulic vascular occluder (DocXS Biomedical Products) was placed on the terminal aorta just distal to the flow probe. All arteries branching from the aorta between the iliac arteries and the HLBF probe were ligated and severed, and a catheter was placed through a lumbar artery proximal to the HLBF probe and occluder to measure mean arterial pressure (MAP). All cables, wires, occluder tubings, and the aortic catheter were tunneled subcutaneously and exteriorized between the scapulae.
Experimental procedures. Experiments were performed after the animals had recovered completely (i.e., alert, afebrile, active, and of good appetite) from the second surgical session (7 days). Before every experiment, each animal was transported to the laboratory and allowed to roam freely for 15-30 min and then was directed to the treadmill. The CO and HLBF transducers were connected to the flow meters (Transonic System). HR was computed by a cardiotachometer triggered by the CO signal. The LVP signal was checked, and the arterial catheter was connected to a pressure transducer (Transpac IV, Abbott). All data were recorded on analog-to-digital recording systems for subsequent off-line analyses. For a given experimental session, data were collected at rest and then at a randomly selected workload (mild exercise, 3.2 km/h, 0% grade elevation; or moderate exercise, 6.4 km/h, 10% grade elevation). Only one workload was performed on any experimental day. All animals ran freely with only positive verbal encouragement. Steady-state data were recorded at rest while the animal was standing on the treadmill, during exercise with unrestricted blood flow to the hindlimbs and after metaboreflex activation elicited by reductions in HLBF achieved by partial inflation of the terminal aortic occluder as previously described (37) . Each dog completed several experiments at both workloads. After the completion of the control experiments, modest congestive HF was induced via rapid ventricular pacing as previously described by us and others (25, 32) . Briefly, the heart was paced at 240 -250 beats/min for ϳ 30 days, and the experiments were repeated while in modest HF conditions [defined as resting tachycardia, reduced CO, SV, and maximum Values are means Ϯ SE. MRA, metaboreflex activation; HF, heart failure; HLBF, hindlimb blood flow; LVSP, left ventricular systolic pressure; CO, cardiac output; SV, stroke volume; HR-LVSP incidence, number of spontaneous baroreflex HR sequences; CO-LVSP incidence, number of spontaneous CO-LVSP relationships; SV-LVSP incidence, number of spontaneous SV-LVSP relationships. For HLBF, n ϭ 7 animals; for all other values, n ϭ 8 normal animals (N) and n ϭ 7 HF animals. *P Ͻ 0.05, HF vs. N; †P Ͻ 0.05, free-flow exercise vs. rest; ‡P Ͻ 0.05, free-flow exercise ϩ MRA vs. free-flow exercise. and minimum first derivative of left ventricular pressure, as described in our previous studies (11, 16, 32) ].
Data analysis. Each animal served as its own control. During the experiments, beat-to-beat CO, HLBF, HR, MAP, and LVP were collected continuously. Data were recorded for 3 to 5 steady-state min to include several respiratory cycles. In the companion article by Sala-Mercado et al. (33a), we have described in detail how we assessed the HR-LVSP and CO-LVSP. Briefly, since left ventricular systolic pressure (LVSP) is virtually identical to the aortic arch systolic blood pressure, we used LVSP as the input to the arterial baroreflex. We searched for three or more consecutive beats (sequences) in which the LVSP and HR or CO of the following beat changed in the opposite directions. Subsequently, a linear regression was applied to each individual sequence, and only those in which r 2 was Ͼ0.85 were accepted and a slope was calculated. By averaging all slopes, we obtained the mean slope of the HR-LVSP and CO-LVSP relationships within a given test period. By computing the overlap between HR sequences and CO sequences, we examined the translation or coupling of baroreflex HR responses into CO responses. We consider complete overlap when HR and CO sequences completely overlapped, and partial overlap when the sequences overlapped by at least two beats (thus partial overlap includes those which completely overlapped). The proportion of complete and partial overlap to the total number of HR and CO sequences was calculated, respectively. We also calculated the spontaneous changes in SV and the percentage of CO sequences that completely or partially overlapped with SV sequences. Since not all baroreflex HR responses caused compensatory changes in CO due to reciprocal changes in SV, we further analyzed each baroreflex sequence and calculated within each sequence the absolute amount of reciprocal change in SV per change in HR (expressed as ml/beat) and the percentage of the HR sequences associated with the reciprocal changes in SV at each setting in normal and HF conditions.
Statistical analysis. With the use of the averaged responses for each animal, statistical analyses were performed on the data with Systat software (Systat 11.0). An ␣-level of P Ͻ 0.05 was set to determine statistical significance. Two-way analysis of variance for repeated measures was used for comparing hemodynamic data obtained at rest [resting data before moderate exercise; those data at rest before mild exercise were used in the accompanying article (33a)], during each workload before and after muscle metaboreflex activation, in normal and HF conditions. If a significant interaction term was found, a test for simple effects post hoc analysis (CMatrix) was performed to determine significant group mean differences. In figures and text, data are expressed as means Ϯ SE and reflect data from eight animals in normal state, with n ϭ 7 animals in HF. Table 1 shows the average values of HLBF, LVSP, CO, SV, HR, and normalized number of spontaneous baroreflex HR, CO, and SV-LVSP sequences (HR-, CO-, SV-LVSP incidences) at rest and during mild workload before (free flow) and after muscle metaboreflex activation in normal and HF conditions. Table 2 shows the same measurements during moderate exercise. The cardiovascular responses to exercise and muscle metaboreflex activation before and after induction of HF were essentially the same as we have reported in previous studies (1, 10, 32) . Briefly, metaboreflex activation caused substantial increases in HR, CO, and LVSP at both workloads. After the induction of HF, CO and LVSP were significantly depressed and the animals were tachycardic. Metaboreflex activation in HF still caused a tachycardia; however, the fall in SV markedly limited any reflex increase in CO. Exercise decreased the incidence of HR-LVSP sequences with no further change with metaboreflex activation both before and after the induction of HF. The incidence of HR-LVSP and CO-LVSP sequences was significantly less in all settings in HF. The SV-LVSP incidence was quite low and did not vary significantly with exercise and metaboreflex activation, although it was significantly increased in all settings in HF. Figure 1 shows the HR-LVSP (Fig. 1A) , CO-LVSP (Fig.  1B) , and SV-LVSP (Fig. 1C) in each setting. In normal animals, both HR-LVSP and CO-LVSP significantly decreased with mild and moderate exercise. Although muscle metaboreflex activation at both workloads caused a further decrease in HR-LVSP, it had no obvious effect on CO-LVSP. In HF, both HR-LVSP and CO-LVSP were significantly attenuated at each setting. Mild and moderate exercise decreased both HR-LVSP and CO-LVSP as in normal animals. In HF, muscle metaboreflex activation caused a further slight yet significant decrease in HR-LVSP, whereas it did not alter CO-LVSP at both workloads. SV-LVSP was low and did not vary across settings or in HF. Figure 2 shows that there were close linear relationships between HR-LVSP and CO-LVSP, both before and after induction of HF; however, the slope of the linear regression line in HF was markedly diminished compared with that in the normal state, indicating that even at the same HR-LVSP, the CO-LVSP was smaller in HF. Figure 3 shows the percentage of partial and complete overlap of HR sequences with CO sequences (Fig. 3, A and B) , of CO sequences with HR sequences (Fig. 3, C and D) , and of CO sequences with SV sequences (Fig. 3, E and F) at each setting before and after induction of HF. The same conclusions Fig. 3 . The proportion of the overlap among HR, CO, and SV sequences. HR-CO partial overlap (A), proportion of the HR sequences overlapped at least 2 beats with CO sequences; HR-CO complete overlap (B), proportion of the HR sequences completely overlapped with CO sequences; CO-HR partial overlap (C), proportion of the CO sequences overlapped at least 2 beats with HR sequences; CO-HR complete overlap (D), proportion of CO sequences completely overlapped with CO sequences; CO-SV partial overlap (E), proportion of the CO sequences overlapped at least 2 beats with SV sequences; CO-SV complete overlap (F), proportion of CO sequences completely overlapped with SV sequences. *P Ͻ 0.05 between N and HF; †P Ͻ 0.05 vs. rest; ‡P Ͻ 0.05 vs. mild exercise; §P Ͻ 0.05 vs. moderate exercise.
RESULTS
are reached using either partial or complete overlap. In agreement with the companion article by Sala-Mercado et al. (33a) , in normal animals, at rest, ϳ50% of HR sequences overlapped with CO sequences, whereas most of CO sequences overlapped with HR sequences. The CO sequences (either partial or complete) overlapped with SV sequences were around 10% at rest. When compared with rest, HR-CO overlap and CO-HR overlap slightly decreased during mild exercise but significantly decreased with moderate exercise intensity, whereas CO-SV overlap slightly increased at mild exercise and significantly increased at moderate exercise. Furthermore, muscle metaboreflex activation during mild and moderate exercise showed no significant change in HR-CO overlap with respect to the values during exercise before hindlimb ischemia. Muscle metaboreflex activation at mild exercise significantly decreased the CO-HR overlap seen during free-flow exercise, but during moderate exercise muscle, metaboreflex activation had no effect on the CO-HR overlap. Moreover, CO-SV overlap rose significantly during muscle metaboreflex activation at both mild and moderate exercise compared with free-flow exercise.
In HF, the HR-CO overlap and CO-HR overlap were significantly decreased and the CO-SV overlap was significantly increased at all settings. HR-CO overlap slightly decreased during mild exercise and significantly decreased at moderate exercise. CO-HR overlap significantly decreased during both mild and moderate exercise. CO-SV overlap progressively increased as exercise intensity increased. Muscle metaboreflex activation during both workloads significantly decreased HR-CO overlap and also tended to decrease CO-HR overlap. In contrast, CO-SV overlap significantly increased during muscle metaboreflex activation at both mild and moderate exercise intensities in HF. Both before and after the induction of HF, HR sequences overlapped with SV sequences were Ͻ10% in all the settings, and we observed neither significant changes between settings nor a significant difference between normal and HF states. Figure 4 shows the percentage of the HR sequences associated with reciprocal changes in SV at each setting before and after induction of HF (Fig. 4A) , in addition to the change in SV (absolute amount) per beat within the baroreflex sequences (Fig. 4B) . In normal animals, from rest to mild exercise, no significant changes occurred. Muscle metaboreflex activation tended to increase both values. Muscle metaboreflex activation significantly increased the percentage of HR sequences that showed reciprocal changes in SV compared with the resting situation. In contrast, moderate exercise significantly increased the percentage of overlap (HR with reciprocal changes in SV) and the quantity that SV changed. Muscle metaboreflex activation at this workload had no further effect. In accordance with the companion article by Sala-Mercado et al. (33a) , the percentage of the HR-LVSP sequences in which reciprocal changes in SV occurred was substantially increased at rest in HF. In addition, the changes in HR were accompanied by larger changes in SV, not only at rest but at each setting. Although, when in HF, neither mild nor moderate exercise before and after muscle metaboreflex activation altered the percentage of overlap, larger reciprocal changes in SV per beat occurred with each workload before and after muscle metaboreflex activation.
DISCUSSION
To our knowledge, this is the first study to investigate to what extent the spontaneous baroreflex-induced changes in HR translate into functional changes in CO during dynamic exercise. Furthermore, we investigated the effects of muscle metaboreflex activation on this coupling and how these relationships are affected after the induction of congestive HF.
Cardiac baroreflex responses during dynamic exercise and metaboreflex activation in normal subjects. Our results confirm previous studies showing that dynamic exercise attenuates spontaneous baroreflex control of HR (3, 14, 23, 31) and furthermore show that dynamic exercise progressively decreases both HR-LVSP and CO-LVSP as exercise intensity increases. In addition to the attenuation in the gain of cardiac baroreflex responses, we found that dynamic exercise reduces the coupling of the HR responses into CO responses. This reduction in the ability of HR responses to elicit effective changes in CO was due to simultaneous reciprocal changes in SV; that is, as HR increased, often SV fell (and the magnitude of the fall in SV per beat increased), such that CO remained relatively unchanged. The progressive decrease in baroreflex control of HR together with the fewer number of HR responses actually causing effective changes in CO suggests that the contribution of baroreflex-mediated CO responses to blood pressure regulation progressively declines as exercise intensity increases. Previous studies demonstrated that the muscle metaboreflex and the arterial baroreflex interact to regulate cardiovascular responses during exercise (13, 18 -20, 34, 36) . A recent study from our laboratory showed that muscle metaboreflex activation in normal dogs during dynamic exercise resets the arterial baroreflex to higher blood pressure and HR and reduces HR-LVSP (31), which we also observed in the present study. The mechanism(s) responsible for the decrease in HR-LVSP by muscle metaboreflex activation during dynamic exercise are surely complex, as discussed in our previous studies (16, 31) . A likely cause of the decrease in HR-LVSP is the alteration in the balance of autonomic activity to the heart during muscle metaboreflex activation, mainly a further enhancement in sympathetic activity (11, 22) . In contrast, to the decrease in HR-LVSP, muscle metaboreflex activation had no obvious effect on CO-LVSP and on the translation of HR responses into CO responses. One likely explanation is that the muscle metaboreflex activation-induced increase in SV via augmented ventricular performance (33) coupled with central blood mobilization (35) would work to maintain CO-LVSP in the face of a decreased baroreflex HR response. Therefore, despite the decreased baroreflex chronotropic response, cardiac baroreflexmediated blood pressure regulation would be maintained via an inotropic response during metaboreflex activation.
Cardiac baroreflex responses during dynamic exercise and metaboreflex activation in HF. HF is characterized by increased sympathetic activity, depressed vagal tone, and an attenuated baroreflex control of HR (8, 12) . In addition, this increased sympathetic activity is further augmented during dynamic exercise (11) . In this context, an enhanced muscle metaboreflex-induced sympathetic activation has been proposed as a key factor in the evolution and worsening of HF (4). In HF, the ability of the metaboreflex to improve ventricular function is virtually abolished (5, 32) and the pressor response occurs via peripheral vasoconstriction. Iellamo et al. (16) have recently reported that HR-LVSP is significantly depressed at rest and during dynamic exercise before and after muscle metaboreflex activation in subjects with HF. In addition, in the companion article, Sala-Mercado et al. (33a) showed that HF also decreased CO-LVSP and the ability of baroreflex changes in HR to cause changes in CO.
In the present study we observed that HF significantly decreased CO-LVSP and HR-LVSP not only at rest but also during both mild and moderate exercise before and after muscle metaboreflex activation. Furthermore, in HF, significantly fewer HR responses caused CO responses in each setting. This markedly reduced ability of changes in HR to elicit effective changes in CO was due to the significantly larger reciprocal changes in SV that occurred during HR-LVSP sequences (Fig. 4) . Indeed, at the highest workload with metaboreflex activation, over a twofold greater fall in SV occurred with increases in HR, thereby markedly limiting the ability of increases in HR to elicit increases in CO. Thus, whereas in normal subjects it is likely that the increased ventricular contractility induced by metaboreflex activation acts to sustain CO-LVSP, the impaired ability to improve ventricular function in HF likely contributed in an important manner to the further decrease in CO-LVSP in this setting. In addition, the marked decrease in the slope of the linear regression between HR-LVSP and CO-LVSP in HF indicates that even at the same baroreflex HR sensitivity, smaller changes in CO occur. These results suggest that the depressed dynamic baroreflex control of CO in HF is induced by both a decreased baroreflex chronotropic response (i.e., diminished HR baroreflex gain) and an impaired inotropic state of the heart (i.e., reduced SV). In addition, in HF, a higher percentage of CO responses were associated with spontaneous baroreflex-like changes in SV. The increased contribution of SV changes to CO responses seen in HF might reflect a higher afterload sensitivity of the left ventricle in HF subjects (32) . Accordingly, baroreflex-mediated blood pressure regulation relies less on CO control and is more dependent on peripheral vascular regulation in HF (17, 24) .
Limitations of the study. Our approach employed to evaluate arterial baroreflex control of HR and CO (based on spontaneous fluctuations in blood pressure, HR and CO) has several advantages and disadvantages that we have previously described in detail (14, 16, 31) . Briefly, the reduction in spontaneous baroreflex HR sensitivity seen with exercise and with muscle metaboreflex activation may be due to a shift of the operating point to a lower sensitivity portion of the entire stimulus response relationship (9, 27) . In addition, the autonomic mechanisms mediating these rapid baroreflex changes in HR and CO are likely confined to the parasympathetic component of baroreflex (22, 23) .
The spontaneous baroreflex technique does, however, enable a qualitative and quantitative estimate of the integrated baroreceptor-cardiac response relationships during the spontaneous blood pressure fluctuations that characterize both the resting and exercise conditions, without the necessity of any pharmacological or mechanical interventions. This aspect is particularly relevant in HF conditions, in which, for example, sympathostimulatory reflexes by stretch of cardiac chambers after phenylephrine-induced increase of afterload or a direct ␤-adrenergic stimulation at the sinus node level by high doses of the drug superimposed to the already heightened blood pressure of exercise may affect baroreflex responses.
Conclusions. We found that dynamic exercise decreases both HR-LVSP and CO-LVSP and the translation of the HR responses into CO responses. Muscle metaboreflex activation further decreases HR-LVSP, whereas it has no significant effect on CO-LVSP and the translation of HR responses into CO responses in normal animals. After the induction of congestive HF, HR-LVSP, CO-LVSP, and the translation of HR responses into CO responses decreased significantly at rest, during dynamic exercise with and without muscle metaboreflex activation, further supporting the concept that in HF baroreflex-mediated blood pressure regulation relies less on CO control and is more dependent on peripheral vascular regulation.
